Inductive power transfer (IPT) for electric vehicles charging offers undoubted advantages, despite a slight reduction in the charging energy efficiency. The advantages are considerable: IPT realizes a real autonomous driving and does not require actions by the driver to recharge, except parking in appropriate areas or driving in specific lanes. According to [1] , for light vehicles the minimum target efficiency of inductive charging is 85% and at least 80% in a displaced position (incorrect parking). Researchers are making efforts to increase this efficiency and bring it to levels similar to conductive charging (92% -95%) [2] . Furthermore, in order for this technology to be publicly accepted, clear, effective and reliable evidence that it is safe for humans should be provided.
The first measurement challenge is how to increase accuracy and traceability in the measurement of the power transfer efficiency. The power measurement in these systems takes place in a frequency range 20 kHz to 150 kHz. The total harmonic distortion (THD) can reach 2% for the current and more than 45% for the voltage in the resonant circuit. In this frequency range a power analyzer is normally used together with current transducers, and sometimes with voltage transducers (in the first instance to preserve the power analyzer). As we will see later, this can lead to a measurement uncertainty that can be about 10% at 100 kHz.
The second measurement challenge relates to the assessment of human exposure due to electromagnetic fields. From this point of view, scientific literature is proliferating, [3] [4] [5] [6] , even though many studies, particularly with real car bodies, are still missing. Even from the regulatory point of view, there are written standards in draft, such as [7] , but this specific regulatory activity is on-going and requires more input from research. The following sections illustrate how this project is contributing to the above stated challenges.
More specifically, the scientific objectives of the MICEV project are the following:
 To develop and calibrate with high accuracy (relative uncertainty in the DC circuit of 10 -3 ) a power measurement unit for static wireless power transfer for on-board measurement and for the efficiency assessment of the IPT.
 To develop measurement protocols for the assessment of human exposure to electromagnetic fields adopting compliance with the limits indicated by [8] [9] .
To achieve this, the partners have been carrying out an extensive simulation survey based on advanced electromagnetic models. Moreover, to increase accuracy in the assessment of the human exposure an additional objective of the project is:
 To develop a measurement systems for traceable calibration of magnetic field meters up to 150 kHz and up to 100 T, including field gradients with both sinusoidal and non-sinusoidal waveforms. The target expanded uncertainty for the system is 5 %.
The project also aims at a metrological analysis of dynamic inductive charging, which will be discussed in future papers.
The results here presented have been developed in the framework of the EMPIR 16ENG08 MICEV Project. The EMPIR initiative is co-funded by the European Union's Horizon 2020 research and innovation programme and the EMPIR participating States. 
II. POWER EFFICIENCY

A. A charging station
A charging station includes a connection to the electricity grid, where an isolation transformer can sometimes be inserted. Downstream, an AC/AC converter transforms the power frequency voltage to a voltage at the transmission frequency, being from 20 kHz -30 kHz for heavy vehicles, up to about 85 kHz (81.38 kHz ≤ f ≤ 90 kHz) for light vehicles (power ≤ 20 kW, typically 7.7 kW).
The converter supplies an RC resonant circuit, where the inductance is mainly due to the transmission coil. The latter is coupled to another coil on board the vehicle. This latter coil is also connected to a RC circuit, which resonates at the same frequency as the ground coil. The signal collected by the on-board coil is then rectified and eventually filtered by a converter system, and it charges the car batteries. Fig. 1 summarizes the general scheme.
B. Measuring the overall charging efficiency
The measurement of efficiency can be given as the ratio of the power measured on board and the power absorbed from the electrical grid. For industrial measurements, an uncertainty of the order of 1% relative can be considered good. In this framework, grid side measurement does not usually give accuracy problems within the accuracy target mentioned above. The measurement on board may be more problematic. To evaluate this effect, the project partners prepared a state-of-theart commercial power analyzer fitted with commercial high quality closed loop current transducers using a zero flux detector. The results of the calibration performed at RISE are shown in Fig. 2 , where the expanded uncertainty reaches 10% at 150 kHz and is higher than 6% at 85 kHz.
These results become significantly worse if voltage transducers are also used, and a specific study is ongoing on this topic. The voltage transducers introduce additional ratio and phase errors. A typical phase error response of a good commercial transducer is shown in Fig. 3 .
On the contrary, for network frequency measurements, there are no particular problems, since, with similar instrumentation, the relative error is below 200 ppm.
One way to overcome the above errors, in particular for the measurements in the resonant circuit, is to use coaxial shunts as current transducers, and to correct the ratio and phase errors of the voltage transducers. Guidance on how to measure the phase error of voltage transducers is provided by INRIM in [10] .
C. The validation of the measurement system
When an on-board power measurement system is finally well thought out, it must be calibrated.
As for on-board power measurements, these can be performed in the resonant circuit. In this case the actual power transferred on board is measured and the power is associated with a rectangular voltage waveform and a nearly sinusoidal current, in which usually two small third and fifth harmonic contributions are present (Fig. 4) . A simpler and more accurate method is required to measure the battery charging power. In this second case voltages and currents are a continuous signals with the overlap of a ripple, both for the voltage and for the current, whose frequency is linked to the switching frequency of the power converters (Fig 5) . Therefore, also in this second case, it is necessary to measure a highfrequency power component whose entity is the subject of an ongoing investigation within MICEV.
For both of the cases mentioned above, it is a question of measuring a power with a frequency of tens of kilohertz, partly distorted, and possibly with a superposed DC component. The accuracy of the measurement is influenced both by the angle and the ratio errors. A phase error of 2 degrees at 100 kHz (55 ns) when the phase shift between voltage and current is 45°, leads to an error in the active power measurement of 3.5%. Errors of such kind must be evaluated and, when possible, compensated. Moreover, the measurement systems should be validated by calibration.
Currently, there are no calibration facilities designed for this type of application, but within the MICEV project one was built at PTB. Fig. 6 illustrates the configuration of the phantom power setup, where two independent circuits, to which a reduced power is associated, contribute to simulate a greater power for the reference measurement system, which take part in the same measurements (voltage, current and power) as the system to be characterized. The built-up generation systems can synthesize realistic test signals in the laboratory environment and generate a phantom power from the synthesized signals with a LabVIEW™ software. This latter software tool induces the signal sequences to generate the current signal and the voltage signal via a connected D/A converter, and it computes the parameters of the resulting signal sequences at the amplifiers output. The voltage measurements, performed in parallel for system and DUT, and current measurements done in series are collected to the software for the electrical voltage, current and power calculation.
D. Modeling the efficiency
In the frame of MICEV project, a proper modelling activity is carried out with the main goal of analyzing the sensitivity of the main features of the system (including power efficiency) with respect to the design parameters, to provide suitable design guidelines.
The model of the overall system may be conceptually subdivided into two blocks: (i) the coupling system, including the coil pairs with the associated conducting (e.g., chassis) and magnetic (e.g., ferrites) components; (ii) the power electronics, including transformers, converters, controllers and so on. The system-level analysis of the power efficiency is carried out on an equivalent circuit model in which the coupling system is modeled as a real coupled inductor pair, i.e. with self and mutual inductances and equivalent resistances accounting for the losses in the coils and in the conducting regions (chassis). Looking at the coupling system, the most relevant parameter affecting the overall efficiency is the mutual inductance, M. Therefore, a sensitivity analysis must be primarily addressed to check the variation of M with respect to the system parameters. To this purpose, we have analyzed the sensitivity of M with respect to the geometrical mismatch between the nominal position of the coils and the real one, assuming the nominal parameters of the 85 kHz-IPT system analyzed in MICEV project. The two coils lay on the z-y plane (see Fig.7 ), and the nominal position is obtained by putting 0 z y cm     and 0
 
An additional variability may be included by assuming a vertical distance along x-axis ( x  ) that can differ from its nominal value. Figure 8 shows the behavior of M versus a horizontal misalignment z
 , for different values of a rotation angle 
The complete model of the coupling coils include an aluminum structure (which simulates the vehicle chassis) and some ferrite parts, hence the extraction of the equivalent parameters requires a full 3D numerical solution of a Magneto-Quasi-Static problem. The cost of such a simulation may easily become unaffordable when a large number of case-studies are to be mapped, as in this sensitivity analysis. To overcome this problem, a behavioral model of mutual inductance M has been derived by using the Genetic Programming algorithm. In this approach, the population is composed of models and their evolution is dictated by classical genetic operations, such as selection, cross-over, mutation. This approach has been here applied to model the dependence of M on Δx, Δz, and  Specifically, Mbehav(Δx, Δz, p()) is given as a function of Δx and Δz:
and is parametrized with respect to , being p() a vector of model coefficients dependent on : Figure 9 shows that the percent error introduced by the behavioral model in the 300 test conditions of the training data set (300 different values of coils misalignment in terms of Δx, Δz and  ) is less than 6%.
III. HUMAN EXPOSURE MEASUREMENTS AND MODELS
For the evaluation of the human exposure to electromagnetic fields at charging stations, one can operate in two ways: through verification measurements on commercially manufactured IPT systems, or through models created before or after the realization of such systems.
A. Verification measurements
The measurement of magnetic induction around the IPT systems requires the calibration of commercial field meters. Traceability of these measurements is limited, since the calibration requirement for high magnetic induction values is mainly required at power frequencies, 50/60 Hz up to a few kilohertz. For field generating coil systems, the maximum amplitude decreases with increasing frequency and currently at 100 kHz the maximum amplitude for traceability is 25 T [11] . Within the MICEV project, traceable measurement capabilities in Europe are extended, with a new system developed at NPL, currently being validated (Fig. 10) .
The new calibration system is a Helmholtz coil configuration, consisting of two 150 mm radius coils made of Type 2 Litz wire, each with 4 turns. The initial DC coil constant (H/I, magnetic field strength to current ratio) was determined to be 18.62 A/m/A. For AC magnetic field meters, the AC frequency response is required and this was evaluated using a single turn search coil. Figure 11 shows the H/I vs frequency up to 150 kHz. Axial and radial variations were also measured and compared against modelled values as the uniformity of the field within the Helmholtz coils is a key component of the uncertainty evaluation. Fig. 7 -The two coil system in a generic, misaligned position. Fig. 8 -Sensitivity analysis of the mutual inductance for the coil pair in Fig. 7 , with respect to an in-plane shift (∆z) and a rotation (α) of the coil reciprocal position . The calibration facility will be validated through a tri-lateral comparison. The travelling standard (5 Hz to 250 kHz magnetic field Loop Sensor, 4 cm diameter, 51 turns) has been selected and purchased and its characterisation is in progress.
The project also aims to give traceability to gradient measurements for AC magnetic fields, which are also required for the assessment of exposure. On this purpose a new gradient field probe is being developed within the project and a new verification system will be characterized on the basis of this probe.
B. Charging stations modeling approach
The modeling approach allows to evaluate the human exposure in different scenario of the charging system, according to various parameters such as misalignment, distance between the coils, position of the coils under the vehicle etc. Moreover, through bioelectromagnetic models, it is possible to calculate the actual levels of induced electric field in subjects with different morphology (infants, children and adults) and in real postures. The spatial distribution of the magnetic field is assumed as input for the bioelectromagnetic simulation (see Sect. C), thus the results provided by the preliminary electromagnetic simulation must be accurate and reliable. A preliminary computation was performed to assess the effectiveness of the geometrical mesh chosen by each partner across different numerical simulation software. This purpose was achieved using an axial symmetrical charging system shown in Fig. 12 , where two coils are considered with a radius of 280 mm, with electric currents in quadrature equal to 500 Aturns for the transmitting coil and 1050 Aturns for the receiving coil.
A ferrite concentrator and an aluminium shield complete the system. The code validation has been achieved by comparing the results both with 2D and 3D codes, both commercial (Comsol, Opera 3D, Maxwell, Sim4Life, CST) and proprietary (Sally2D), until a satisfactory agreement was obtained, with a discrepancy lower than 6% on the peak values. Results are shown in Fig. 13 .
After this preliminary step, two charging stations were modeled, one for light vehicles working at 85 kHz and one for heavy vehicles working at the frequency of ⁓25 kHz (minibuses) based on CIRCE's Victoria platform (Fig. 14) . The IPT system of the light vehicle was modeled on the basis of the designs suggested by the J2954 SAE standard [1] . A WPT2/Z3 power class system defined in SAE J2954 was modeled, for a maximum power of 7.7 kVA. The system includes an aluminum shield and a ferrite concentrator. The magnetomotive force in the primary and secondary coils reach  200 Aturns. The car body is a real one provided by a car manufacturer. The physical properties of the car body can vary as follows: relative permeability from 30 to 300, electrical conductivity from 2 MS/m to 7 MS/m. The same physical properties were used for the minibus, but in this case the maximum rated power is about 50 kVA. The stray magnetic field generated around these systems is computed by a finite element electromagnetic solver, able to account for the shielding effect due to the presence of the car body, usually having magnetic and conductive properties. Results have been assessed comparing different commercial (Cobham Opera 3D
[12] and the low frequency module of CST Studio Suite [13] ) and research codes [14] .
C.
Bioelectromagnetic simulations The stray magnetic field generated in the vicinity of inductive charging systems is far from being uniform, therefore we have to refer to the basic restriction (i.e. induced electric field in the human body) in order to evaluate the compliance with ICNIRP Guidelines [8] [9] . To perform this analysis, highly detailed anatomical human models and reliable electromagnetic tools for computing induced electric fields in tissues are needed.
The Project Consortium has adopted the selection of highly detailed human anatomical phantoms belonging to the Virtual Population (ViP) developed by IT'IS Foundation [15] . These phantoms are representative of an adult male (Duke) and a female (Ella), a child (Thelonious) and a baby (Charlie). All phantoms are posable (so their posture can be arranged to simulate the exposure in a more realistic way) and are segmented into more than 300 different tissues. Dielectric tissue properties were assigned according to the IT'IS Tissue Database [16] , but the skin tissue whose conductivity was set to 0.1 S/m to account for the deeper granular tissue (i.e., the dermis).
In-silico computation of the spatial distribution of the induced electric field has been performed under the quasistatic approximation, by assuming that the magnetic field is not perturbed by the currents induced in the body. The spatial distribution of the magnetic field, generated by the IPT systems and computed as described in the previous section, has been assumed as input for the bioelectromagnetic simulation. The maximum of the induced E fields and current density are determined according to the current guidelines [ICNIRP 1998 , ICNIRP 2010 , IEEE 2005 in each tissue and organ. In case the specific averaging method is not enough to avoid unwanted artefacts, further filtering techniques are adopted to remove local numerical artefacts caused by the spatial discretization of the human body (voxel size and staircase effects) [17] . Significant postures of the human anatomical phantoms have been generated through the Poser tool available in the simulation software Sim4Life, in order to assess the exposure when the human anatomical phantoms are placed outside and inside the vehicles.
An example of human exposure of a by-stander (Duke phantom) placed at a distance of about 0.2 meters from the car body of a sedan car is reported in Fig. 15 . This example highlights how the levels of magnetic flux density (lower than 0.7 T) and induced electric field in the human body (maximum of 10 mV/m) are considerably lower with respect to the ICNIRP 2010 reference level and basic restriction, which are 27 T and 11.5 V/m, respectively, at 85 kHz.
IV. CONCLUSIONS
The ongoing MICEV project has begun to contribute to the improvement of measurement in vehicle inductive charging systems. The accuracy limits of commercial measurement equipment for electrical measurements have been analysed. Two new specific facilities for the calibration of magnetic field meters and power meters have been achieved, and one for gradient field measurement is being developed. Such facilities extend measurement capabilities in Europe. Detailed dosimetric models and phantoms have been setup to reproduce the human exposure in real charging stations. For light vehicles, human exposure resulted to be considerably lower than basic restrictions. Regarding the exposure in case of heavy vehicles, the efficiency measurements and the dynamic charging, many activities are still in progress and will produce results in the near future.
